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Active site competition

is the mechanism for the inhibition
of lipoprotein-associated
phospholipase A, by detergent
micelles or lipoproteins

and for the efficacy reduction

of darapladib

Shaoqiu Zhuo?*‘ & Chong Yuan?

Lipoprotein associated phospholipase A, (Lp-PLA;) has been characterized for its interfacial activation
as well as inhibition by detergent micelles and lipoprotein particles. The enzyme has been shown to
bind on the surfaces of hydrophobic aggregates, such as detergent micelles, lipoprotein particles

and even polystyrene latex nanobeads. Binding to hydrophobic aggregates stimulates the activity

of Lp-PLA, but may not be the necessary step for catalysis. However, at higher concentrations,
detergent micelles, latex nanobeads or lipoprotein particles inhibit Lp-PLA, possibly by blocking

the access of substrates to the active site. The competition mechanism also blocks inhibitors such as
darapladib binding to Lp-PLA, and reduces the efficacy of the drug. Darapladib has very low solubility
and mainly exists in solutions as complexes with detergents or lipoprotein particles. The inhibition

of Lp-PLA, by darapladib is dependent on many factors such as concentrations of detergents or
lipoproteins, incubation time, as well as the order of mixing reaction components. The in vitro Lp-PLA,
activity assays used in clinical studies may not accurately reflect the residual Lp-PLA, activity in vivo.
Darapladib has been found mainly bound on HDL and albumin when it is incubated with human
serum. However, Lp-PLA, is more sensitive to darapladib when bound on LDL and relatively resistant
to darapladib when bound on HDL. Therefore, high cholesterol levels may decrease the efficacy of
darapladip and cause the drug to be less effective in high risk patients. Our study will help to design
better inhibitors for Lp-PLA,. The discoveries also contribute to understanding the mechanism of
interfacial activation and inhibition for Lp-PLA, and provide a new concept for researchers in building
better kinetic model for interfacial enzymes.
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14:0 NPS-PC  1-Myristoyl-2-(4-nitrophenylsuccinyl)-sn-glycero-3-phosphocholine
CAD Coronary artery diseases

CHAPS 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate
CMC Critical micelle concentration

DMF Dimethyl formamide

EDTA Ethylenediamine tetraacetic acid

ELISA Enzyme-Linked Immuno Sorbent Assay

FPLC Fast protein liquid chromatography

HDL High density lipoprotein

Diazyme Laboratories, Inc, 12889 Gregg Ct., Poway, CA 92064, USA. ?Present address: Bayer HealthCare, 800
Dwight Way, Berkeley, CA 94710, USA. *“email: shaogiu.zhuo@bayer.com

Scientific Reports |

(2020) 10:17232 | https://doi.org/10.1038/s41598-020-74236-0 nature research


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-74236-0&domain=pdf

www.nature.com/scientificreports/

HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
HPLC High Performance Liquid Chromatography

ICs, Half maximal inhibitory concentration

LDL Low density lipoprotein

PBS Phosphate buffered saline

SNS Sodium 1-nonane sulfonate

TBS Tris buffered saline

Tris Tris(hydroxymethyl)aminomethane

Cholesterol and triglycerides are hydrophobic nutrition and cell structural compounds which are necessary
for the function of animal cells and need to be transported between different cell types and tissues through the
aqueous circulation system. Lipoproteins are complex particles which facilitate the transportation of hydropho-
bic compounds in the aqueous milieu. Lipoprotein particles have a central core containing cholesterol esters
and triglycerides surrounded by a spherical monolayer of phospholipids incorporated with free cholesterol and
apolipoproteins’. Functions of apolipoproteins include serving a structural role and guiding the formation of
lipoproteins, acting as ligands for lipoprotein receptors and serving as activators or inhibitors of enzymes involved
in the metabolism of lipoproteins®. Different types of lipoprotein particles carry different apolipoproteins and
have different size and density’. Low density lipoprotein (LDL) and high density lipoprotein (HDL) are two of
the major lipoproteins in the human circulatory system?® LDL delivers triglyceride and cholesterol to peripheral
tissues and HDL transports triglyceride and cholesterol back to liver (reverse cholesterol efflux)?. Higher levels of
LDL cholesterol (“bad cholesterol”) correlate with atherosclerosis and higher risk of developing coronary artery
diseases (CAD) whereas higher levels of HDL cholesterol (“good cholesterol”) show an inverse relationship with
CAD risk?. Atherosclerosis involves LDL and leukocyte infiltration into the intima (inner layer endothelial lining)
of artery and formation of plaques, resulting in the hardening of arteries and thrombosis®*.

Apart from transporting lipids, lipoproteins are also thought to serve as a modality for intra-organismal pro-
tein transfer, shipping proteins with important roles in inflammation and thrombosis from the sites of synthesis to
effector locations®. Lipoprotein associated phospholipase A, (Lp-PLA,), also known as plasma platelet-activating
factor acetylhydrolase (PAF-AH), is one such enzyme, which has been linked to vascular inflammation and
atherosclerosis®™. Lp-PLA, is synthesized and secreted by macrophages, T-lymphocytes and other inflammatory
cells but it mainly associates with LDL and HDL in an average ratio about 3:1 respectively'*'*. Lp-PLA, has been
shown to be present on rapture-prone plaques but not on stable plaques and, therefore, suspected to have a role
in thrombosis'>'*. However, a potent inhibitor of Lp-PLA,, darapladib, failed to show effectiveness in two large
pivotal clinical trials'>'®. In patients with stable coronary heart disease, darapladib did not significantly reduce
the risk of the primary composite end point of cardiovascular death, myocardial infarction, or stroke although
it did appear to arrest the growth of the necrotic core of atherosclerotic arteries, the area prone to rupture, in a
phase 2 clinical trial'”'®. The variability of plaque penetration by the drug was suggested by the clinical team as
one of the possible causes responsible for the absence of efficacy of darapladib'>. Two Lp-PLA, activity assays, one
colorimetric and another radiometric, were used during the clinical studies to assess the residual enzyme activity
and it was claimed that there were approximately 66% reduction of Lp-PLA, activity when darapladib was dosed
at 160 mg daily for 12 weeks'>!°. The radiometric assay has been used in initial clinical studies, whereas the more
practical colorimetric assay was introduced in larger clinical trials'®. Although two assays are correlated well,
these assays report numerically different inhibition of Lp-PLA, activity with darapladib administration'®. The
main difference is that the radiometric assay contains no detergents and the colorimetric assay contains 5-10 mM
CHAPS. Characterization of the activation and inhibition of recombinant Lp-PLA, in detergent micelles and
studying the inhibition of LDL and HDL associated Lp-PLA, indicate that in vivo inhibition of Lp-PLA, may
be more complicated than initially believed. The colorimetric activity assays used in the clinical studies may not
reflect the real residual activity of Lp-PLA, in human plasma. There is a possibility that the lack of clinical benefit
for darapladib may also be due to its low efficacy in the inhibition of Lp-PLA,. Thus, the question is whether
the clinical studies definitively inform upon the role that Lp-PLA, may play in atherogenesis. Understanding
the mechanism of Lp-PLA, distribution, activation and inhibition in LDL and HDL lipoproteins may provide
insights for their roles in CAD either as pathological causes or diagnostic markers.

Results

Effects of detergent micelles, latex beads and lipoproteins on the activation and inhibition
of recombinant Lp-PLA,. To investigate the effects of detergents on the activity of Lp-PLA,, recombi-
nant Lp-PLA, was incubated with low concentrations (10 uM or lower) of artificial substrate, 1-myristoyl-2-(4-
nitrophenylsuccinyl)-sn-glycero-3-phosphocholine (14:0 NPS-PC), at pH 7.4. Figure 1a show the activation and
inhibition of Lp-PLA, by four detergents with different critical micelle concentration (CMC). Like other lipases,
Lp-PLA, has very low activity towards water soluble substrates in the absence of a detergent. When titrated with
a detergent, starting around the CMC of each detergent, the activity of the recombinant Lp-PLA, was suddenly
enhanced and then gradually decreased back to the baseline with increasing concentration of the detergent. The
activation and subsequent inhibition of recombinant Lp-PLA, activity resulted in the formation of a peak in the
titration curves of each detergent. The formation of the peak correlated to the CMC of each detergent. Inhibi-
tion of Lp-PLA, activity was also observed in reactions with higher concentrations (0.54 mM) of the substrate,
14:0 NPS-PC, for detergents with lower CMC such as Tween-20, digitonin and Triton X-100 but not for deter-
gents with higher CMC such as CHAPS, deoxycholate and SNS (Fig. 1b). Studying the inhibition of Lp-PLA,
by Tween-20 revealed that it was competitive between the substrate and detergent (Fig. 1c). The Michaelis—
Menten kinetic parameters of the hydrolysis reaction of 14:0 NPS-PC by Lp-PLA, were also compared between

Scientific Reports |

(2020) 10:17232 | https://doi.org/10.1038/s41598-020-74236-0 nature research



www.nature.com/scientificreports/

a d
150+
124 -~ CHAPS_CMC 6-10 mM -#- In 80 «cM Tween-20
T 10- Triton X-100_CMC 0.3 mM = |n 800 oM Tween-20
£ =+ Digitonin_CMC 0.09 mM g 1004
E s =+ Tween-20_CMC 0.06 mM g
o 2
=
E 6 £ u
> 4 ® 507
2
T 24
<
i = T 0 T T 1
0.0001 0.001 0.01 0.1 1 10 100 1 10 100 1000
Detergent Conc. [mM] Darapladib [nM]
b e
120 T
. e - CHAPS £ 1 e :z nm
B [] -%- Digitonin E 101 nm
> 92 . = - 100 nm
£ -4 Triton X-100 o .
2 E 8 -+ 50 nm Carboxyl
£ -+ SNS =
< 60 Tween-20 g‘ 61
é -8~ Deoxycholate £ 4
s 30 < 2 v
- <
0 g 0]
0 3 6 9 12 3 0.0001 0001 0.01 0.1 1 10
Concentration [mM] Latex Bead Conc. (mg/ml)
c f
£ 101
24 [ -
-~ 10 mM Tween-20 E 8- HDL
2 -+ 5mM Tween-20 =° = LDL
§ -+ 2.5 mM Tween-20 £ 6
3 -~ 1.25 mM Tween-20 S
- 0.625 mM Tween-20 2 4-
-~ 0 mM Tween-20 E
-1 5 15 25 35 &) 24
1/[Substrate] ~
1 5 0 T T T
o 0.0001 0.001 0.01 0.1 1
& -2- Triglyceride (mg/ml)

Figure 1. Effects of detergents, latex nanobeads and lipoprotein particles on the activation and inhibition of
Lp-PLA,. (a) Lp-PLA, activity in TBS, pH 7.4, containing 10 uM 14:0 NPS-PC were followed with the titration
of CHAPS, Triton X-100, digitonin and Tween-20 respectively as described in Experimental Procedures. (b)
Lp-PLA, activity in 540 uM 14:0 NPS-PC were followed with the titration of CHAPS, digitonin, Triton X-100
and SNS respectively as described in Experimental Procedures. (c) Lineweaver-Burk plots for competitive
inhibition of Lp-PLA, by different concentrations of Tween-20 (TW20) as indicated. (d) Inhibition of Lp-PLA,
by darapladib in presence of 80 uM and 800 uM of Tween-20. Assay was carried out in 100 mM HEPES buffer,
pH 7.5, containing 0.54 mM 14:0 NPS-PC, 4 mM EDTA and 10 mM SNS. (e) Lp-PLA, activity in TBS, pH 7.4,
containing 10 uM 14:0 NPS-PC were followed with the titration of four different polystyrene nanobeads. (f)
Lp-PLA, activity in TBS, pH 7.4, containing 10 uM 14:0 NPS-PC were followed with the titration of Lp-PLA,-
depleted HDL and LDL as indicated.

the presence and absence of 10 mM CHAPS (Table 1). The difference between two V,,,, values was within the
experimental error, but the difference between two K, values was about three times of the experimental error.
Therefore, K, was affected in the presence of 10 mM CHAPS whilst the V,,, was constant. Detergents were also
found to affect the efficacy of darapladib on the inhibition of Lp-PLA,. The inhibitory effects of darapladib were
significantly reduced when the concentration of Tween-20 was increased tenfold (Fig. 1d). The ICs, of darap-
ladib was about 10 nM in 80 uM Tween-20 and 80 nM in 800 pM Tween-20.

To further investigate the nature of the activation and inhibition of Lp-PLA, under the condition of low sub-
strate concentration, polystyrene latex nanobeads were used to mimic the roles of detergent micelles. Figure le
shows that latex nanobeads can also activate and inhibit Lp-PLA, activity under low 14:0 NPS-PC concentration
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With 10 mM CHAPS Without CHAPS
Vinax [Nmol/min/ml] 187+2 191+5
K, [uM] 2384+11.7 187.1+18.5

Table 1. Michaelis—Menten kinetic parameters of hydrolysis reaction of 14:0 NPS-PC by Lp-PLA,.

in the same way as detergent micelles. Latex nanobeads with diameter 25-50 nm had the maximum activation of
Lp-PLA, at about 0.25 mg/ml (0.025%) concentration and became inhibitory at higher concentration. Activation
of Lp-PLA, by 100 nm latex nanobeads was less potent and no inhibition was observed at up to 1 mg/ml (0.1%)
of latex nanobeads. Activation and inhibition of Lp-PLA, by 50 nm latex nanobeads were about twice potent if
the beads carrying negative charges. Latex nanobeads with diameter 25 nm have the similar sizes as LDL particles
except latex nanobeads are spherical and LDL may be discoidal®. To test if binding to HDL and LDL can activate
Lp-PLA,, human HDL and LDL devoid of Lp-PLA, were incubated with 0.2 pg/ml recombinant Lp-PLA, and
10 uM 14:0 NPS-PC in PBS, pH 7.4, as indicated in Fig. 1f. HDL and LDL were both found to activate at lower
concentration and inhibit at higher concentration for recombinant Lp-PLA, (Fig. 1f).

Effects of detergent micelles on the activation and inhibition of lipoprotein-bound
Lp-PLA,. The effects of detergents on the activity of Lp-PLA, bound on HDL and LDL were also investi-
gated. Under similar conditions as above, titration of detergents did not show clear activation peak for Lp-PLA,
bound on LDL (Fig. 2a) and HDL (Fig. 2b) because the lipoprotein bound enzyme is already in activated state.
There were small Lp-PLA, activity spikes observed for CHAPS in both HDL and LDL and for digitonin in LDL.
However, increase of detergent concentration did inhibit the enzyme with the IC;, proportional roughly to the
CMC of each detergent.

Kinetic difference for the hydrolysis of 14:0 NPS-PC by Lp-PLA, in the presence and absence
of detergents. To further explore the kinetic difference of Lp-PLA, in the presence and absence of deter-
gents, the hydrolysis reaction was carried out with and without 10 mM CHAPS (Fig. 3a). In the presence of
10 mM CHAPS, the reaction obeyed Michaelis—Menten kinetics but it did not do so in the absence of 10 mM
CHAPS. Under these conditions, the Hill slope of the substrate titration curve was approximately 1.0 in the
presence of 10 mM CHAPS and approximately 2.0 in the absence of 10 mM CHAPS. The Hill slope values
were dependent on the concentration range of the substrate in the reaction. The lower of the concentration of
substrate, the higher was the Hill slope values (Fig. 3b). The Hill slope decreased with the increase of substrate
concentration and approached 1.0 at the substrate concentration approximately 0.5-1 mM. However, in the
presence of 10 mM CHAPS, the Hill slope of substrate titration was kept at 1.0 and independent of the substrate
concentration (Fig. 3b). The CMC of 14:0 NPS-PC was determined by the method of polarized fluorescence?!
using fluorescein as the probe in TBS, pH 7.4. When the concentration of lipid or detergent approaches its CMC,
the fluorescent anisotropy ratio will increase due to the formation of micelles carrying fluorescein. Figure 3¢
shows that the CMC of 14:0 NPS-PC is about 0.5 - 1 mM and the obtained CMC of CHAPS (control) by the
same method is about 5-10 mM, which is in agreement with the literature. Interestingly, the determined CMC
value of 14:0 NPS-PC is close to the substrate concentration (0.5-1 mM, Fig. 1b) when the Hill Slope approaches
1.0 and much higher than the substrate concentration when the reaction rate starts to increase along the sigmoi-
dal curve (Fig. 3a), which is around 20-30 pM (logl.2-logl.5).

Inhibition of lipoprotein-bound Lp-PLA, by lipoprotein particles. The relationship between sub-
strate and lipoprotein-bound Lp-PLA, was investigated by titration of lipoprotein under limiting substrate con-
centration (10 uM 14:0 NPS-PC). Lp-PLA, activity increased with lipoprotein concentration at the initial phase
due to the increase of Lp-PLA, concentration and achieved a plateau value of at 0.008 mg/ml for HDL and
0.06 mg/ml for LDL respectively (Fig. 4a). The activity of Lp-PLA, remained essentially constant as each lipopro-
tein’s concentration increased up to 1 mg/ml indicating that the concentration of 14:0 NPS-PC was in limiting
for the reaction rate. To further explore the effects of lipoproteins on the hydrolysis reaction of Lp-PLA,, HDL at
0.04 mg/ml and LDL at 0.4 mg/ml were assayed in TBS, pH 7.4, containing 10 uM of 14:0 NPS-PC and different
concentrations of Lp-PLA,-depleted HDL and LDL. In contrast to adding Lp-PLA,-carrying lipoproteins, the
addition of Lp-PLA,-depleted lipoprotein particles quickly suppressed the hydrolysis of 14:0 NPS-PC (Fig. 4b).

Inhibition of Lp-PLA, bound on lipoprotein particles by darapladib. The inhibitory effects of dara-
pladib over Lp-PLA, were analyzed under different conditions for LDL and HDL separately. Inhibition of lipases
can be complicated and depends on how the inhibitors are delivered®?. Figure 5 shows the responses of Lp-PLA,
bound on LDL and HDL in the presence of darapladib under different experimental conditions. When LDL and
HDL were assayed for Lp-PLA, activity by adding the mixture of 14:0 NPS-PC (final concentration of 10 uM)
and varied concentrations of darapladib to start the reaction, only partial inhibition of the enzyme was achieved
at the highest concentration of darapladib and the ICy, was about 0.5 and 1 nM for LDL and HDL respectively
(Fig. 5a,b). If preincubating the LDL and HDL with darapladib at ambient temperature for 30 min before adding
14:0 NPS-PC to start the reaction, the IC, was about 10 nM for both LDL and HDL. When 40 mM of CHAPS
(final concentration in the assay mixture was 20 mM) were included in the preincubation mixture of darapladib
and LDL or HDL, the ICs, was about 1 nM for both LDL and HDL. Also, higher activity and more complete
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Figure 2. Effects of detergents on the activity of Lp-PLA, associated with LDL and HDL. (a) Changes of LDL
Lp-PLA, activity with titration of detergents. (b) Changes of HDL Lp-PLA, activity with titration of detergents.
Lp-PLA, activity of 20 ul LDL at 1 mg/ml or HDL at 0.15 mg/ml cholesterol were determined in final volume of
130 pl containing 10 uM of 14:0 NPS-PC and detergents as indicated.

inhibition of Lp-PLA, were observed in the presence of CHAPS. For HDL, the associated Lp-PLA, activity is
relatively less sensitive to the inhibition by darapladib in the absence of CHAPS. The ICs of darapladib for both
LDL- and HDL-associated Lp-PLA, was dependent on the concentration of LDL and HDL (Fig. 5c—e). When
lipoprotein concentration was reduced 100-fold, Lp-PLA, activity in LDL became much more sensitive to dara-
pladib and was completely suppressed at less than 0.1 nM of darapladib. In the presence of 20 mM CHAPS, the
ICs, of darapladib remained the same for both concentration levels of LDL and HDL (Fig. 5¢). On the other
hand, Lp-PLA, activity associated with HDL was less sensitive to the decrease of lipoprotein concentration espe-
cially under the conditions where the lipoproteins were preincubated with darapladib (Fig. 5¢,d). Such difference
disappeared when CHAPS was included in the incubation mixture and the Lp-PLA, activity in both LDL and
HDL decreased significantly (Fig. 5e). The ICs, of darapladib for Lp-PLA, was the same for both LDL and HDL
and not affected by lipoprotein concentration in the presence of CHAPS. The resistance of HDL-bound Lp-
PLA, to darapladib was further confirmed by excessive inhibition of the enzyme in human serum with 150 pM
of darapladib. After incubation with high concentration of darapladib and removal of the bulk content by size
exclude chromatography (SEC) using a TSKgel G3000SWy; (7.8 mm x 30 cm, 5 um) in TBS, pH 7.4, the frac-
tions of human serum were assayed for residual Lp-PLA, activity. The column was calibrated with purified
HDL and LDL in TBS, pH 7.4. LDL was eluted in fraction 7 and HDL was eluted in fractions 8-10 when 40 ul
of HDL or LDL at the concentration of 1 mg/ml were injected for resolution (Fig. 5f). When the same volume
of human serum was resolved by the same column under the same conditions, majority of Lp-PLA, activity was
fractionated in fraction 7 (Fig. 5g, blue). The distribution pattern did not change when the serum was incubated
with 150 uM darapladib for 1 h at ambient temperature and fractionated (Fig. 5g, red). When the same serum-
darapladib mixture was continued to incubate for 24 h at ambient temperature before fractionation, Lp-PLA,
activity in fraction 7 (LDL) disappeared completely indicating that the inhibitor was tightly bound. However, the
Lp-PLA, activity in the HDL fractions of the same mixture was intact and seemingly increased slightly (Fig. 5g,
green). The same results were obtained when the experiment was repeated multiple times.
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Figure 3. Kinetic model fitting and Hill slope of recombinant Lp-PLA, in the hydrolysis of 14:0 NPS-PC. (a)
Fitting of kinetic model for hydrolysis of 14:0 NPS-PC in the absence and presence of 10 mM CHAPS. (b)
Change of Hill slope in kinetic fitting with concentrations of substrate in the absence and presence of 10 mM
CHAPS for monomeric recombinant Lp-PLA,. Details are in Experiment Procedures. (c) Determination of
CMC for 14:0 NPS-PC and CHAPS by anisotropy of polarized fluorescence using fluorescein as probe. Details
are in Experiment Procedures.

Effects of detergent on the integrity of lipoproteins. A serum from apparent healthy donor was
fractionated by a Superose-6 column (10 x 300 mm) in the presence and absence of 10 mM CHAPS in phosphate
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Figure 4. The relationship between Lp-PLA, activity and lipoprotein concentration. (a) Lp-PLA, activity

by incrementation of lipoprotein. Lp-PLA, activity of 20 ul lipoproteins (LDL and HDL) were determined in

10 uM of 14:0 NPS-PC with increasing concentration of lipoproteins as indicated. Lipoprotein concentration is
expressed as cholesterol content. (b) Inhibition of Lp-PLA, activity by Lp-PLA,-depleted lipoproteins. Lp-PLA,
activity of 20 ul LDL at 0.4 mg/ml or HDL at 0.04 mg/ml were determined in 10 uM of 14:0 NPS-PC with
increasing concentrations of Lp-PLA,-depleted lipoproteins as indicated. Lipoprotein concentration is expressed
as cholesterol content. Lp-PLA, in lipoproteins was depleted by incubation with Pefabloc SC as descripted in
Experimental Procedure.

buffered saline (PBS). The retention shifting of apolipoprotein Al (ApoAl), apolipoprotein B (ApoB) and Lp-
PLA, were analyzed by ELISA and enzyme activity (Fig. 6). Consistent with earlier studies'"'?, the majority of
Lp-PLA, mass (yellow curve) or activity (green curve) was associated with ApoB (LDL, red curve) and eluted
in fraction 8-14 (Fig. 6a). A small portion of the enzyme was associated with ApoAl (blue curve) and eluted
in fraction 15-19 (larger size HDL, Fig. 6a). No bulk phase distribution of Lp-PLA, activity or mass was found.
When including 10 mM CHAPS in the fractionation buffer, however, all of the Lp-PLA, mass and activity was
dissociated from LDL and HDL (Fig. 6b). The peak fraction of ApoB was shifted from fraction 11 to fraction 9
in the presence of 10 mM CHAPS while no significant changes were observed for the elution pattern of ApoAl
under the same conditions. Similar results were obtained when serum samples were analyzed by non-denatured
gel electrophoresis for ApoA-1 and ApoB-100 (Fig. 6¢). Mixing serum with 10 mM CHAPS resulted in the
aggregation of ApoB but less damage of HDL was observed except for some de-lipidation of ApoAl.

Transfer of Lp-PLA, between LDL and HDL. Lp-PLA,-free LDL and HDL were prepared from normal
human sera by incubation of the purified lipoproteins with magnetic beads labeled with anti-Lp-PLA, mono-
clonal antibody and removal of the Lp-PLA, carrying lipoproteins. Both the Lp-PLA,-free LDL and HDL (Lane
LDL-0 and HDL-0 in Fig. 7) were shown to have the capacity of binding exogenous recombinant Lp-PLA, spiked
into the mixtures (Lane LDL-1, LDL-2, HDL-1 and HDL-2 in Fig. 7). Exchange of Lp-PLA, between LDL and
HDL was studied by mixing and incubation of the two lipoproteins, in which one or the other was spiked with
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Figure 5. Inhibition of Lp-PLA, activity associated with LDL and HDL by darapladib. (a) Inhibition of LDL
Lp-PLA, activity under three different conditions: (1) no preincubation with darapladib, (2) preincubated
with darapladib for 30 min at ambient temperature and (3) preincubated with darapladib for 30 min at
ambient temperature in the presence of 40 mM CHAPS. (b) Inhibition of HDL Lp-PLA, activity under the
same conditions as in (a). (c) Comparing the inhibition of Lp-PLA, activity associated with LDL and HDL by
darapladib under different concentration of lipoproteins as indicated without preincubation. (d) Comparing
the inhibition of Lp-PLA, activity associated with LDL and HDL by darapladib under different concentration
of lipoproteins as indicated with preincubation at ambient temperature for 30 min before adding 14:0
NPS-PC. (e) Comparing the inhibition of Lp-PLA, activity associated with LDL and HDL by darapladib under
different concentration of lipoproteins as indicated with preincubation in the presence of 40 mM CHAPS. (f)
Fractionation of purified HDL and LDL by TSKgel G3000SWy; column in TBS, pH 7.4. Forty pl of 1.0 mg/
ml lipoproteins were injected. Fractions were assayed for Lp-PLA, activity as described in Experimental
Procedures. (g) Fractionation of human serum with and without treatment with 150 pM darapladib under the
conditions as indicated by TSKgel G3000SWy; column in TBS, pH 7.4. Forty pl of neat serum were injected.
Fractions were assayed for residual Lp-PLA, activity as described in Experimental Procedures.
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Figure 6. Effects of CHAPS on the integrity of lipoproteins. (a) Fractionation of human serum using
Superose-6 column in the absence of detergents. (b) Fractionation of human serum using Superose-6 column
in the presence of 10 mM CHAPS. (c) Non-denatured gel electrophoresis and Western blot of human sera
(Serum-1 and Serum-2) treated with and without 10 mM CHAPS.
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mAb Anti-Lp-PLA, (2 ug/ml each of 2C10/4B4)

Figure 7. Transport of spiked recombinant Lp-PLA, (rLp-PLA,) between purified HDL and LDL. Endogenous
Lp-PLA, were depleted from purified LDL and HDL by incubation with magnetic beads coupled with anti-Lp-
PLA, antibodies and separation of the supernatants. The Lp-PLA, depleted LDL and HDL (LDL-0 and HDL-0)
were spiked in duplication with 25 pug/ml of rLp-PLA, and incubated at ambient temperature for 16 h (LDL-1,
LDL-2, HDL-1 and HDL-2). LDL and HDL spiked with Lp-PLA, were further mixed with blank HDL (HDL-
0) or LDL (LDL-0) respectively as shown. All mixtures were further incubated at ambient temperature for
additional 6 h and stored in 2-8 °C for 16 h before subjected to resolution by non-denatured gel electrophoresis
as described in Experimental Procedures.

recombinant Lp-PLA,. The mixed lipoproteins were analyzed by non-denatured gel electrophoresis and West-
ern blotting using anti-Lp-PLA, antibody. Figure 7 shows that Lp-PLA, loaded on LDL can be transferred to
HDL during mixing of the two lipoproteins (Lane HDL-0/LDL-1 and HDL-0/LDL-2 in Fig. 7). However, very
low levels of Lp-PLA, loaded on HDL can be transferred to LDL during the mixing (Lane HDL-1/LDL-0 and
HDL-2/LDL-0 in Fig. 7).

Distribution of darapladib and 14:0 NPS-PC in bulk phase, detergent micelle, lipoprotein and
human serum. To interpret the results of activation and inhibition of Lp-PLA,, it is important to know the
distribution of darapladib and 14:0 NPS-PC in bulk phase, detergent micelles and lipoproteins. Distribution of
10 uM 14:0 NPS-PC in bulk (TBS, pH 7.4) and micelles of two represent detergents, CHAPS (charged and higher
CMC) and Tween-20 (non-charged and lower CMC), was investigated by separation of the solutions using the
same TSKgel G3000SWy; column. As indicated in Fig. 8a, 10 uM 14:0 NPS-PC existed only as monomer in the
bulk phase at the absence of detergents and almost completely (>95%) formed mixed micelles with the pres-
ence of 10 mM CHAPS or 60 uM Tween-20. Less than 5% of monomeric 14:0 NPS-PC was detected in bulk
in the presence of detergents under the conditions. Distribution of 14:0 NPS-PC in lipoprotein particles was
not determined due to technical difficulties. Figure 8b shows the distribution of darapladib in TBS, pH 7.4, in
the absence and presence of detergents. Since the concentration of darapladib was low (0.2 pM) and not easy
to monitor, fractions were collected and assayed for its ability to inhibit spiked Lp-PLA,. The results indicated
that, in the absence of detergents, darapladib at 0.2 uM was not detectable in TBS buffer, possibly due to the low
solubility (Fig. 8b, blue). The compound was solubilized in the presence of either 10 mM CHAPS (Fig. 8b, red
curve) or 0.6 mM Tween-20 (Fig. 8b, green curve). However, it eluted in very late fractions possibly due to the
interaction of darapladib-detergent complex with the column packing materials. When mixtures of darapladib
with HDL or LDL were fractionated, inhibition of spiked Lp-PLA, was observed with the fractions of the lipo-
protein correspondingly (Fig. 8c). Darapladib only associated with LDL, HDL and albumin and was not present
in bulk phase under the experimental conditions. Figure 8d shows the distribution of darapladib in human
serum and further confirms the association of darapladib with HDL and albumin. Darapladib was mixed with
human serum at the final concentration of 150 uM and incubated at ambient temperature as indicated. Forty pL
of the mixture were subjected to fractionation by the same TSKgel G3000SWy; column. Inhibition of spiked Lp-
PLA, was only observed with the HDL and albumin fractions (Fig. 8d, green curve). Again, no bulk distribution
for darapladib was found. Also, darapladib inhibition of spiked Lp-PLA, was not observed in the LDL fraction
(fraction 7, green curve in Fig. 8d) albert the endogenous Lp-PLA, activity of LDL was completely inhibited as
shown in Fig. 5g.

Discussion

Lipases are enzymes that catalyze the hydrolysis of lipids at the ester bond and belong to a subclass of esterases.
However, the main difference between regular esterases and lipases is that esterases prefer substrates in solution
and lipases prefer substrates at the phase interfaces®. Like other lipases, Lp-PLA, catalyzes the hydrolysis of
phospholipids at the lipid-water interfaces, involving interfacial adsorption and subsequent catalysis. Catalytical
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Figure 8. Distribution of 14:0 NPS-PC and darapladib under different conditions. Assay methods are described
in Experimental Procedures. (a) Distribution of 14:0 NPS-PC in TBS, pH 7.4, with and without detergents.
Twenty pl of 14:0 NPS-PC at 10 uM were resolved by a TSKgel G3000SWy; column in TBS, pH 7.4, containing
no detergent, 10 mM CHAPS or 60 uM Tween-20. Absorbance at 260 nm were monitored for 14:0 NPS-PC.
Bulk phase is after fraction number 17 or after elution time 17 min. (b) Distribution of darapladib in TBS, pH
7.4, with and without detergents. Forty pl of darapladib in mobile phase buffer at 0.2 (M were resolved by a
TSKgel G3000SWy; column in TBS, pH 7.4, containing no detergent, 10 mM CHAPS or 600 uM Tween-20.
Relative darapladib concentration in each fraction was shown by inhibition of spiked Lp-PLA,. (c) Distribution
of darapladib in TBS, pH 7.4, containing HDL or LDL. Forty ul of 1 mg/ml HDL or LDL with or without 0.2 uM
darapladib were resolved by a TSKgel G3000SWy; column in TBS, pH 7.4. Relative darapladib concentration

in each fraction was quantitated by inhibition of spiked Lp-PLA,. (d) Distribution of darapladib in human
serum. Forty ul of neat human serum with or without 150 uM darapladib under the conditions as indicated were
resolved by a TSKgel G3000SWy; column in TBS, pH 7.4. Relative darapladib concentration in each fraction
was determined by inhibition of spiked Lp-PLA,.
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reactions in Fig. la demonstrate that Lp-PLA, has low hydrolytic activity when the concentration of artificial sub-
strate,14:0 NPS-PC, at 10 pM is too low to form aggregates or micelles. Figure 8a shows that 14:0 NPS-PC elutes
from the TSKgel G3000SWy; column as monomers at 10 uM. Titration of four detergents with different critical
micelle concentration (CMC) results in the stimulation of Lp-PLA, hydrolytic activity around the CMC of each
detergent. This correlation strongly suggests that the formation of water-micelle interface is critical for the activa-
tion of Lp-PLA,. On the other hand, the CMC of 14:0 NPS-PC is found to be near 0.5-1 mM (Fig. 3c). A plot of
the reaction rate against the substrate concentration in the presence and absence of 10 mM CHAPS shows that
the kinetics of the reaction are different under the two situations. While the reaction is typical Michaelis—-Menten
kinetics with Hill slope of 1.0 in the presence of 10 mM CHAPS, it becomes a positively cooperative sigmoidal
curve with Hill slope of 2.0 in the absence of detergent. In the absence of detergent, the reaction is significantly
accelerated at substrate concentration above 20 uM (logl.3, Fig. 3a) which is much lower than its determined
CMC, 0.5-1.0 mM (Fig. 3c). This suggests that Lp-PLA, can hydrolyze monomeric or low aggregated form of
14:0 NPS-PC without the formation of micelles. Higher Hill slope in the absence of detergents indicates that 14:0
NPS-PC probably needs first to bind to the regulatory site of Lp-PLA, and to change its conformation before the
enzyme can bind and hydrolyze the substrate at the active site (similar to interfacial activation)®*. This leads to
the positive substrate cooperation when concentrations of 14:0 NPS-PC are lower than 0.5 mM and explains the
deviation of Michaelis—-Menten mechanism in the absence of detergents (substrate activation instead of interfacial
activation)®. When concentration of 14:0 NPS-PC reaches its CMC, the Hill slope of the hydrolytic reaction
decreases to 1.0 due to the formation of substrate micelles. Detergents play roles in the formation of aggregate
and activation of Lp-PLA, so that the enzyme can bind and hydrolyze the substrate. Since the enzyme has been
activated in the presence of detergents, the Hill slope remains constant at 1.0 in all substrate concentration range
(Fig. 3b). This supports the model first proposed by Wieloch et al. that there is a hydrophobic region in lipases
which regulates the activation of the enzyme and is different from the enzyme active site’>*. Several decades of
extensive studies have built models for interfacial activation of various PLA,?*%, Interfacial activation of certain
enzymes involves conformational changes or displacement of a lid which covers the active or catalytical site
slot, while the others become activated via yet unidentified mechanisms®. It is generally in common that the
membrane or a hydrophobic surface acts as an allosteric ligand, shifting the conformation of a PLA, from the
closed form in water to the open form on the surface of the membrane or hydrophobic aggregate?. This process
enables the enzyme to bind a phospholipid molecule in the active site (ES-M), where it is converted into prod-
uct (EP-M)*. Figure 8a demonstrates that 14:0 NPS-PC forms mixed micelles with CHAPS or Tween-20, two
represented detergents in the study, and has very low level of distribution in the bulk phase. Lp-PLA, has been
shown to have the similar distribution in detergents'?. Lp-PLA, may extract substrate from bulk phase, another
micelle or the same micelle where it resides. If Lp-PLA, extracts substrate within the same micelle, bringing
enzyme and substrate into close approximate is also an important factor to accelerate the reaction by detergents.

Unlike classical interfacial activation, further increase of detergent concentration does not enhance, but rather
inhibits, the Lp-PLA, lipase activity. Lineweaver-Burk plot of the inhibition by Tween-20 reveals the competitive
mechanism between substrate and detergent (Fig. 1c). Comparing the Michaelis—Menten kinetic parameters in
the presence and absence of 10 mM CHAPS confirmed the competitive mechanism because competitive inhibi-
tion only affects K, and not V,,.**. The hydrophobic regulatory site of Lp-PLA, binds not only to the surface of
detergent micelles but also to the surface of polystyrene latex beads. The interfacial activation can also be induced
when Lp-PLA, binds to the surface of polystyrene latex nanobeads with diameter of 100 nm or smaller (Fig. 1e).
Higher concentrations of polystyrene latex nanobeads also turn to inhibition of the Lp-PLA, activity (Fig. le). The
smaller polystyrene nanobeads are slightly more potent in both the activation and inhibition of Lp-PLA, prob-
ably due to higher particle number (at 0.1% w/w, 25 nm beads =1.2 x 10" particles/ml, 50 nm beads=1.4x 10"
particles/ml and 100 nm beads = 1.8 x 10" particles/ml). Negatively charged polystyrene beads are more potent
than the same size beads without charges. These phenomena support that the interfacial Lp-PLA, probably
extracts substrates from bulk phase or different micelles because nanobeads can absorb Lp-PLA, on surface but
contain no substrate. Therefore, surface dilution® cannot explain the inhibition. That carboxylated latex beads
have better binding affinity for Lp-PLA, suggests that the hydrophobic binding site on the enzyme composes of
hydrophobic and cationic residuals and therefore prefer the binding of negatively charged amphiphiles. This is
similar with other PLA,?. The same pattern in activation and inhibition of recombinant Lp-PLA, is also observed
for HDL and LDL which are devoid of endogenous Lp-PLA, (Fig. 1f). Based on the results of our studies, it
can be proposed that binding of Lp-PLA, onto the membrane or a hydrophobic surface stabilizes the substrate
binding domain. The substrate binding structure of Lp-PLA, must be quite open in order to accommodate lipid
aggregate or cell membrane, from which phospholipids can be extracted or diffuse to the catalytical site of the
enzyme. High concentration of detergents, polystyrene nanobeads or lipoprotein particles may fill in the substrate
binding structure and block the access of substrates to the catalytical site resulting in inhibition of the enzyme.
This explains why materials with hydrophobic surface such as detergent micelles, lipoprotein particles or poly-
styrene latex nanobeads can be both activator and inhibitor for Lp-PLA, in a concentration dependent manner.

Earlier studies in our laboratory have shown that Lp-PLA, has a hydrophobic binding site which can be
disrupted and cause collapsing of the enzyme structure if exposed to the aqueous milieu®!. Thus, monomeric
Lp-PLA, is unstable in aqueous bulk phase without substrates and therefore forms self-aggregates. Binding of
Lp-PLA, to lipoproteins or other hydrophobic surfaces protects the enzyme from denaturation in addition to the
activation of the enzyme®!. In human circulation system, Lp-PLA, mainly associates with and is stabilized by LDL
or HDL in an active conformation. This means that the substrate binding domain is in open conformation. What
are the physiological substrates for Lp-PLA, is not completely clear. However, from our data, the concentration
of lipoprotein particles may affect the access of substrates to the active site of Lp-PLA, because they can block the
substrate binding domain of the enzyme and act as inhibitors. Lipoprotein particles or detergent micelles not only
block the access of substrates but also block the access of inhibitors such as darapladib as demonstrated in Fig. 1d.
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In Fig. 5a,b, Lp-PLA, is shown to be more sensitive to darapladib when the inhibitor is added with substrate
together. If darapladib is preincubated with the lipoproteins before the addition of substrate, the inhibitory effect
is reduced about ten-fold. The IC;, of darapladib is between that of the above situations when the lipoproteins
are preincubated with darapladib in the presence of 40 mM CHAPS. Under the experimental conditions, con-
centration of Lp-PLA, is in low double digit nM concentration range®? and the substrate 14:0 NPS-PC is 10 uM.
Darapladib is at 0.1 to 200 nM. One mg/ml of LDL is about 1.1 uM and one mg/ml of HDL is about 67.3 uM of
particles according to NMR studies®. Because the concentrations of Lp-PLA, and darapladib are much lower
than that of lipoprotein particles or detergent micelles, the odds for Lp-PLA, to meet substrate or inhibitor can be
affected by many different factors such as preincubation and lipoprotein particle numbers, as well as the affinities
of substrate and inhibitor to lipoprotein particles as shown in Fig. 5. At 1 mg/ml concentration, HDL has much
higher particle concentration (67.3 pM) than that of LDL (1.1 pM) and, therefore, darapladib is less inhibitory
to HDL-associated Lp-PLA, (Fig. 5b,d) because it is more diluted by HDL. As shown in Fig. 5d, inhibition of
LDL Lp-PLA, by darapladib was enhanced when the lipoprotein concentration was reduced 100-fold. However,
reducing HDL concentration by 100-fold made no difference because HDL particle concentration was still much
higher than that of darapladib. Furthermore, LDL-bound Lp-PLA, may have higher affinity to darapladib than
HDL-bound Lp-PLA,. While majority of darapladib is associated with HDL (Fig. 8d) and majority of Lp-PLA,
is associated with LDL (Fig. 6a), LDL-bound Lp-PLA, activity can be completely inhibited but HDL-bound
Lp-PLA, activity remains intact when human serum is incubated with excess concentration of darapladib and
subjected to separation by size exclusion chromatography. It is interesting to note that HDL-bound Lp-PLA, is
the indication of cardiovascular hazards but LDL-bound Lp-PLA, may be not'**? although the facts are difficult
to be accepted by the research community due to that HDL is considered as “good” cholesterol. If HDL-bound
Lp-PLA, does play roles in cardiovascular diseases, resistance of HDL-bound Lp-PLA, to darapladib may also
contribute to the failure of the clinical studies.

Lp-PLA, bound on HDL or LDL is already in activated state and can also be inhibited by detergents (Fig. 2).
When lipoproteins are treated with detergents, Lp-PLA, is usually extracted into detergent micelles (Fig. 6b and
reference'?). Also, darapladib is more soluble in the presence of detergents. These explain why darapladib has
better inhibitory effect when lipoproteins are preincubated in the presence of CHAPS which forms micelles and
improves the solubility of darapladib. Aggregation of ApoB indicates that LDL may be stripped off phospholipids
by detergent micelles and collapsed (Fig. 6). However, majority of HDL seems still intact (Fig. 6) indicating that it
is partially resistance to detergents. Preincubation of lipoproteins with darapladib in the absence of detergents is
more closely resemble to in vivo physiological conditions. Under these conditions, darapladib may have limited
inhibitory effects on HDL Lp-PLA, as shown in Fig. 5b,d,g. The reason why darapladib is more effective when
delivered with the substrate of Lp-PLA, together is not clear. Mixing darapladib with 14:0 NPS-PC may improve
the solubility of darapladib and therefore increases the inhibitory effects. The in vitro Lp-PLA, activity assays
used in clinical studies to assess the residual Lp-PLA, activity usually includes detergents or does not preincu-
bate serum samples with darapladib. Therefore, the in vitro Lp-PLA, activity assays used in clinical studies may
overestimate the in vivo suppression of Lp-PLA, activity.

Lp-PLA, has been shown mainly associating with LDL and HDL in an average ratio about 3:1 respectively
In our experiments, Lp-PLA, is only detected to transfer from LDL to HDL but not from HDL to LDL (Fig. 7).
This suggests that Lp-PLA, on HDL may come from LDL and the transfer process is probably regulated because
majority of Lp-PLA, is still distributed on LDL despite the fact that HDL particles out-number LDL particles.
Darapladib has higher affinity with HDL and albumin, which carry less or no Lp-PLA, (Fig. 8d). The difference
in distribution of Lp-PLA,; and darapladib suggests that low efficacy of the drug can be expected. There may be
a possibility that darapladib induces the migration of Lp-PLA, from LDL to HDL as shown in Fig. 5g. However,
further studies are necessary to confirm.

In summary, Lp-PLA,'s substrate binding site (active site) is modulated by a regulatory site which has affin-
ity towards hydrophobic surfaces of membrane or aggregates. First, the hydrophobic surfaces of membrane or
aggregates bind to the regulatory site of the enzyme and act as an allosteric ligand to change and stabilize the
conformation of the active site (interfacial activation). Subsequently, it promotes the substrate binding on to
the active site and facilitates the catalysis. Lp-PLA, also hydrolyzes high concentration (>20 uM but <0.5 mM)
of the artificial substrate, 14:0 NPS-PC, in solution without interfacial activation by hydrophobic surfaces of
membrane or aggregates. However, kinetics of the reaction is positively cooperative with Hill slopes> 1.0 under
such conditions, possibly due to that the monomeric or lamellar substrate acts as the allosteric ligand to bind
on the regulatory site of the enzyme. The positively cooperative Hill slopes decrease as the concentrations of the
phosphocholine substrate increase and reach to 1.0 when substrate micelles form around the CMC of 14:0 NPS-
PC (0.5-1 mM). Detergent micelles, polystyrene latex nanoparticles or lipoprotein particles not only activate
Lp-PLA, by binding onto the regulatory site but also inhibit Lp-PLA, by blocking the active site. Blocking the
active site by lipoproteins in circulatory system actually protects Lp-PLA, from inhibition by potent inhibitors
such as darapladib. Darapladib has very low solubility and mainly associates with HDL and albumin. High
concentration of lipoproteins will dilute the in vivo concentrations of darapladib and result in the efficacy vari-
ability for patients. Furthermore, In vitro activation and inhibition of Lp-PLA, are very much dependent on the
buffer components because it affects the affinities of enzyme to inhibitors and the availability of the inhibitors.
In vitro Lp-PLA, activity assays usually involve detergents and therefore may mislead the estimation of the in vivo
efficacy of drugs due to that detergent micelles can extract the lipoprotein-associated enzymes from lipoprotein
particles. Preincubation of lipoprotein particles with darapladib more closely resembles to the in vivo conditions
but shows much less effective for darapladib in the inhibition of Lp-PLA,. Although darapladib mainly associ-
ated with HDL and albumin, HDL-associated Lp-PLA, has lower affinity to bind the inhibitor. It is also worth
to note that HDL-associated Lp-PLA, predicts CVD events but LDL-associated Lp-PLA, does not correlate
with the diseases'>*2. These factors together could cause darapladib to be less effective as expected especially for
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patients with high lipoprotein levels who actually are the population of high risk for cardiovascular diseases and
it could be one of the reasons for the failure of clinical studies. If Lp-PLA, does play roles in the development of
cardiovascular diseases, the efficacy of darapladib might be better seen in the population of lowest lipoprotein
level at the highest drug dosage. All of these assumptions do not consider the effects of lipoprotein remodeling,
metabolism and other factors in vivo.

Experimental procedure

Materials. 1-myristoyl-2-(4-nitrophenylsuccinyl)-sn-glycero-3-phosphocholine (14:0 NPS-PC) was pur-
chased from Avanti Polar Lipids, Inc. (Alabaster, AL). The 10x 300 mm Superose-6 column was manufactured
by GE Healthcare Life Sciences (Piscataway, NJ) and the TSKgel G3000SWy; (7.8 mmx30 cm, 5 um) was
manufactured by Tosoh Bioscience (Griesheim, Germany). Purified LDL and HDL were obtained from Lee
BioSolutions (St. Louis, MO). CHAPS, Triton X-100, digitonin, Tween-20, SNS, PBS and TBS were purchased
from Sigma-Aldrich (St. Louis, MO). Criterion XT Tris—Acetate Precast Gels and reagents for non-denatured
electrophoresis were purchased from Bio-Rad (Hercules, CA). Rabbit anti-Lp-PLA, polyclonal antibodies were
originally obtained from GlaxoSmithKline and also purchased from Cayman Chemicals (Ann Arbor, MI). Anti-
rabbit second antibody-HRP conjugate was from Jackson ImmunoResearch Laboratories (West Grove, PA).
Western plot detection kits and Dynabeads Antibody Coupling Kit were from Thermofisher. 2C10 and 4B4
antibody-coupled Dynabeads were prepared by following manufacturer’s protocol. Latex polystyrene beads were
from Seradyn (Indianapolis, IN), Phosphorex (Hopkinton, MA) and Applied Physics, Inc. (Monte Vista, CO).
PLAC mass and activity test kits for the quantitation of Lp-PLA, are the products of diaDexus Inc. Recombinant
Lp-PLA,, monoclonal antibodies against human Lp-PLA,, 2C10 and 4B4, were also made by diaDexus Inc. as
the components of PLAC test kit. Human sera and plasmas were obtained as archival or fresh samples from
a commercial vendor, ProMedDx (Norton, MA) who collected blood samples from consented donors, who
provided informed consent, under protocols approved by an Institutional Review Board (IRB) of participating
facilities using standard operating procedures. Names of IRB were not revealed by the vendor but the protocols
were reviewed and approved by Research Ethic Review Board of diaDexus Inc. Other equipment or reagents
were indicated in the text.

Non-denatured gel electrophoresis, Western blotting and protein concentration determina-
tion. Criterion XT Tris—Acetate Precast Gels (3-8% gradient, Bio-Rad, CA) were prerun for 30 min at 100 V
in running buffer (25 mM Tris, 192 mM glycine & 2 mM EDTA, pH 7.4) according to the instruction of manu-
facturer. Upper reservoir was refilled with fresh buffer before loading. Ten ul of single vesicles and 20 pl of double
vesicles or blank vesicles were mixed with sucrose to final concentration of 200 mg/ml and loaded. Gels were
run at 100 V for 3 h and blotted on to nitrocellular membranes in a buffer of pH 7.5, containing 25 mM Bicine,
25 mM Bis-Tris, 1 mM EDTA and 0.05 mM chlorobutanol at 50 V for 1 h. Western blots were analyzed by using
rabbit anti-Lp-PLA, polyclonal antibody or as indicated in the figures. Pierce Fast Western Blot Kit was used for
detection and manufacturer’s protocol was followed. All protein concentrations were determined by using either
micro BCA or modified Bradford protein assays (Pierce Biotechnology) following the manufacturer’s protocols.
Both assays gave similar results for recombinant Lp-PLA,.

Lp-PLA, activity and mass assays. Lp-PLA, activity was assayed under different conditions and dif-
ferent methods were used. Interfacial activation and inhibition of Lp-PLA, were assayed in TBS or PBS, pH
7.4-7.6, with 10 uM of 14:0 NPS-PC substrate and detergents, polystyrene latex nanobeads or Lp-PLA,-depleted
lipoprotein particles. Purified recombinant Lp-PLA, in storage buffer was diluted into TBS or PBS, pH 7.4-7.6,
at the concentration of 1 pg/ml and 20 pl of the solution were used for each reaction. The reactions were started
by the addition of 110 pl reaction buffers (TBS or PBS, pH 7.4-7.6, containing 11.9 uM 14:0 NPS-PC and deter-
gents, latex nanobeads or Lp-PLA,-depleted lipoproteins as indicated in figures) into each well of a 96-well plate
containing the diluted enzyme. Generally, hydrolysis of 14:0 NPS-PC was monitored at 405 nm for 5 min under
ambient temperature for all kinetic assays. Inhibition of Lp-PLA, was carried out by adding 110 pl of 100 mM
HEPES buffer, pH 7.4, containing 11.9 or 638 uM (final concentration 10 or 540 uM) of 14:0 NPS-PC substrate,
4 mM EDTA and different concentration of detergents or darapladib as indicated in figures to 20 pl of Lp-PLA,.
For assays of endogenous Lp-PLA, in lipoproteins, 20 ul of LDL or HDL (concentration as indicated in figures)
were pre-incubated with 55 ul of assay buffer containing darapladib with or without 40 mM CHAPS (final
concentration in assay 17 mM) for 30 min at ambient temperature. Assay were started by addition of 55 pul of
24 puM 14:0 NPS-PC in the same assay buffer (final concentration in assay 10 uM). Lp-PLA, kinetic assays were
performed in the same assay buffer with 14:0 NPS-PC concentrations as indicated. Purified Lp-PLA, was about
5-25 ng/assay in volume of 5-20 pl or as indicated in figures. Lipoproteins and other assay conditions were as
indicated in figures. Assays were carried out in 96-well plates using a SpectraMax m2e plate reader. Hydrolysis of
14:0 NPS-PC was monitored at 405 nm for 5 min under ambient temperature. Serum Lp-PLA, activity and mass
concentration were measured by using PLAC activity and mass test kits (diaDexus) following the manufacturer’s
instruction. PLAC mass measurements were performed by manual ELISA and PLAC activity measurements
were carried out by the Beckman Coulter AU400 analyzer as described in a previous publication'?. Twenty or
forty pl of the fractionated sample per tube were used, depending on the Lp-PLA, concentration of the samples.
Ten mM CHAPS-modified PLAC ELISA test kits were made by adding solid CHAPS to the assay buffer to the
final concentration of 10 mM. The assays follow the same instructions as the unmodified PLAC mass test kits.
Other Lp-PLA, activity assays are as indicated in figures or other experimental sections.
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Other assays. ApoAl and ApoB mass concentrations were measured by using ELISA assay kits from
AlerCHEK, Inc. (Portland, Maine), following the manufacturer’s inserted instruction.

Preparation of Lp-PLA,-depleted LDL and HDL lipoproteins. Concentrated human LDL and HDL
were purchased from Lee BioSolutions in St. Louis. According to the manufacturer, LDL and HDL were pre-
pared from fresh human plasma by undisclosed precipitation methods. Both the LDL and HDL showed one
major band by Helena lipoprotein cellulose acetate electrophoresis. Characterization indicated that triglyceride/
cholesterol ratios were 0.86 and 0.40 for LDL and HDL respectively. Concentration of LDL and HDL is indicated
by that of cholesterol or triglyceride. Lp-PLA,-depleted LDL and HDL were prepared by incubation of lipopro-
teins with 2C10 and 4B4 antibody-coupled Dynabeads overnight at 2-8 °C and removal of supernatants. Alter-
natively, lipoproteins devoid of Lp-PLA, were prepared as described before®. Briefly, the purchased lipoproteins
were thawed and subjected to inactivation of Lp-PLA, by incubation with 20 mM Pefabloc SC (Roche Applied
Science, Indianapolis) in PBS, pH 7.2, at 2-8 °C overnight. The Pefabloc SC inactivated lipoproteins were then
dialyzed extensively with a 10 kD cutoff membrane in 1000-fold volume excess of buffer containing 50 mM
phosphate, pH 7.2, and 150 mM sodium chloride with 3 exchanges at 2-8 °C. The inactivated lipoproteins were
found to have less than 10% of the original endogenous Lp-PLA, activity by the PLAC activity assay. Both lipo-
proteins were further diluted to the desired concentrations before used in each experiment.

FPLC and HPLC fractionation. Fractionation chromatography was carried out on an Aktal0 or Aktal00
by using a 10 mm x 300 mm Sperose-6 column at ambient temperature with the flow rate of 0.3 ml per minute.
Fifty to two hundred pl of serum samples were injected per run depending on the Lp-PLA, concentrations of the
samples after the column was equilibrated with the running bufter (PBS, pH 7.2). Fraction collection was started
at 21 min after sample injection and the collection volume was 0.6 ml/tube. Distribution of 14:0 NPS-PC and
darapladib were carried out by separation of 20 - 40 ul of samples on a TSKgel G3000SWy; (7.8 mm x 30 cm,
5 um) in TBS, pH 7.4, with and without detergents using a HPLC at flow rate of 0.8 ml/min. Fractions were
collected at 1 min per tube starting at 6 min and ending at 21 min. Signal of 14:0 NPS-PC was detected by
monitoring at 260 nm. Darapladib were assayed based on its inhibition of Lp-PLA, activity. To one hundred pl
of fraction, 10 pl of Lp-PLA, at the concentration of approximately 0.5 ig/ml were added and the mixture was
incubated at ambient temperature for 30 min with shaking. Reaction was started by adding 50 pl of mixture of
CHAPS, SNS (sodium 1-nonane sulfonate) and 14:0 NPS-PC in buffer of 150 mM HEPES, pH 7.5, contain-
ing 12 mM EDTA. The final concentrations of CHAPS, SNS and 14:0 NPS-PC were 5 mM, 10 mM and 50 uM
respectively. The hydrolysis reaction was monitored at 405 nm for 5 min. Fractions were also assayed for residual
Lp-PLA, activity by mixing in 100 pl fraction with 50 pl buffer of 150 mM HEPES, pH 7.5, containing 30 mM
SNS, 30 mM CHAPS, 12 mM EDTA and 1.6 mM 14:0 NPS-PC.

Polarized fluorescence anisotropy. CMC of CHAPS and 14:0 NPS-PC were determined by polarized
fluorescence anisotropy based on the method by Thorsteinsson et al.?! with modification in a Varian Cary
Eclipse fluorescence spectrophotometer using fluorescein as probe. Fluorescein was dissolved in TBS, pH 7.4,
at final concentration of 0.1 uM. Solid CHAPS (control) or 14:0 NPS-PC was dissolved in TBS-fluorescein solu-
tion at concentrations indicated in figure and subjected to serial dilution in the same buffer. All fleshly prepared
solutions were measured for fluorescence emission at 520 nm (excited at 490 nm) and compared the emission
optics for the horizontal orientation to the vertical orientation. The anisotropy ratio of fluorescence intensities
was plotted against the concentration incrementation of CHAPS or 14:0 NPS-PC. The anisotropy ratio was cal-
culated as the followings™.

Anisotropy ratior = (Iyvv — G x Iyp) = (Ivw+ 2 x G x Iyn)

where Iy indicates the intensity with vertically polarized excitation and vertical polarization on the detected
emission. Iy indicates the intensity when using a vertical polarizer on the excitation and horizontal polarizer
on the emission. G is a grating factor used as a correction for the instrument’s differential transmission of the
two orthogonal vector orientations.

Reagent preparation. Darapladib was dissolved in dimethyl formamide (DMF) as 15 mM solution and
stored at — 70 °C. The solution was further diluted in 50% isopropanol to 100 uM or 2 mM before mixing with
buffers, HDL or LDL at the final concentration of 0.2 or 20 uM. For inhibiting human serum, darapladib in DMF
was diluted in 50% isopropanol to 3 mM. To 5 ul of the 3 mM solution, human serum was added and mixed.
The final concentration of darapladib was150 uM. 14:0 NPS-PC was dissolved in isopropanol or DMF at the
concentration of 145 or 290 mM and stored at — 70 °C. The stock solution was directly diluted into buffers at
varied concentration.

Experiment protocols related to human or animal samples were carried out in accordance with relevant guide-
lines and regulations. Methods were reviewed and approved by Research Ethical Review Board of diaDexus Inc.

Received: 18 April 2020; Accepted: 18 September 2020
Published online: 14 October 2020

References
1. Satyanarayana, U. Biochemistry, 2nd edn. Books and Allied, Kolkata, India. ISBN: 8187134801. OCLC 71209231 (2002).

Scientific Reports |

(2020) 10:17232 | https://doi.org/10.1038/s41598-020-74236-0 nature research



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34,

. Feingold K. R., Anawalt B., Boyce A,, et al., editors. Introduction to lipids and lipoproteins. Endotext [Internet]. South Dartmouth

(MA): MDText.com, Inc.; NCBI Bookshelf. A service of the National Library of Medicine, National Institutes of Health (2000).

. Colin, S., Chinetti-Gbaguidi, G. & Staels, B. Macrophage phenotypes in atherosclerosis. Immunol. Rev. 262, 153-166. https://doi.

org/10.1111/imr.12218 (2014).

. Badimon, L. New challenges in the etiopathogenesis of atherothrombosis. Cerebrovasc. Dis. 11(Suppl 1), 80-84 (2001).
. Dashty, M. et al. Proteome of human plasma very low-density lipoprotein and low-density lipoprotein exhibits a link with coagula-

tion and lipid metabolism. Thromb. Haemost. 111, 518-530. https://doi.org/10.1160/TH13-02-0178 (2014).

. Packard, C. J. et al. Lipoprotein-associated phospholipase A2 as an independent predictor of coronary heart disease. West of

Scotland Coronary Prevention Study Group. N. Engl. J. Med. 343, 1148-1155 (2000).

. Thompson, A. et al. Lp-PLA(2) studies collaboration. Lipoprotein-associated phospholipase A(2) and risk of coronary disease,

stroke, and mortality. Lancet 375, 1536-1544 (2010).

. Nambi, V. et al. Lipoprotein associated phospholipase A2 and high-sensitivity C-reactive protein improve the stratification of

ischemic stroke risk in the Atherosclerosis Risk in Communities (ARIC) study. Stroke 40, 376-381. https://doi.org/10.1161/TROKE
AHA.107.513259 (2009).

. Koenig, W., Twardella, D., Brenner, H. & Rothenbacher, D. Lipoprotein-Associated phospholipase A2 predicts future cardiovascular

events in patients with coronary heart disease independently of traditional risk factors, markers of inflammation, renal function,
and hemodynamic stress. Arterioscler. Thromb. Vasc. Biol. 26, 15861593 (2006).

Rosenson, R. S. & Stafforini, D. M. Modulation of oxidative stress, inflammation, and atherosclerosis by lipoprotein-associated
phospholipase A2. J. Lipid Res. 53, 1767-1782. https://doi.org/10.1194/jlr.R024190 (2012).

Caslake, M. J. et al. Lipoprotein-associated phospholipase A(2), platelet-activating factor acetylhydrolase: a potential new risk
factor for coronary artery disease. Atherosclerosis 150, 413-419 (2000).

Zhuo, S., Wolfort, R. L. & Yuan, C. Biochemical differences in the mass and activity tests of lipoprotein associated phospholipase
A2 explain the discordance in results between the two assay methods. Clin. Biochem. 50, 1209-1215 (2017).

Hakkinen, T. et al. Lipoprotein-associated phospholipase A(2), platelet-activating factor acetylhydrolase, is expressed by mac-
rophages in human and rabbit atherosclerotic lesions. Arterioscler. Thromb. Vasc. Biol. 19, 2909-2917 (1999).

Kolodgie, E D. et al. Lipoprotein-associated phospholipase A2 is highly expressed in macrophages of coronary lesions prone to
rupture. Circulation 110(suppl III), 246-247 (2004).

O’Donoghue, M. L. et al. Effect of darapladib on major coronary events after an acute coronary syndrome. The SOLID-TIMI 52
randomized clinical trial. JAMA 312, 1006-1015. https://doi.org/10.1001/jama.2014.11061 (2014).

The STABILITY Investigators. Darapladib for preventing ischemic events in stable coronary heart disease. N. Engl. J. Med. 370,
1702-1711. https://doi.org/10.1056/NEJMoal315878 (2014).

Wilensky, R. L. et al. Inhibition of lipoprotein-associated phospholipase A2 reduces complex coronary atherosclerotic plaque
development. Nat. Med. 14, 1059-1066 (2008).

Serruys, P. W. et al. Effects of the direct lipoproteinassociated phospholipase A2 inhibitor darapladib on human coronary athero-
sclerotic plaque. Circulation 118, 1172-1182 (2008).

Mohler, E. R. et al. The effect of darapladib on plasma lipoprotein-associated phospholipase A2 activity and cardiovascular biomark-
ers in patients with stable coronary heart disease or coronary heart disease risk equivalent: the results of a multicenter, randomized,
double-bl. J. Am. Coll. Cardiol. 51, 1632-1641. https://doi.org/10.1016/j.jacc.2007.11.079 (2008).

Rajman, I, Eacho, P. I, Chowienczyk, P. J. & Ritter, J. M. LDL particle size: an important drug target?. Br. J. Clin Pharmacol. 48,
125-133. https://doi.org/10.1046/j.1365-2125.1999.00991.x (1999).

Thorsteinsson, M. V., Richter, J., Lee, A. L. & DePhillips, P. 5-Dodecanoylaminofluorescein as a probe for the determination of
critical micelle concentration of detergents using fluorescence anisotropy. Anal Biochem. 340, 220-225. https://doi.org/10.1016/j.
ab.2005.01.006 (2005).

Tiss, A., Miled, N., Verger, R., Cargouri, Y. & Abousalham, A. Digestive lipases inhibition: an in vitro study. In Lipases and Phos-
pholipases in Drug Development (eds Miiller, G. & Petry, S.) (Wiley, Hoboken, 2004).

Sarda, L. & Desnuelle, P. Action de La Lipase Pancréatique Sur Les Esters En Emulsion. Biochim. Biophys. Acta 30, 513-521 (1958).
van den Berg, B. et al. NMR structures of phospholipase A2 reveal conformational changes during interfacial activation. Nat.
Struct. Biol. 2,402-406 (1995).

Fersht, A. Enzyme Structure and Mechanism 2nd edn, 107-109 (W.H. Freeman and Company, New York, 1985).

Wieloch, T., Borgstrom, B., Piéroni, G., Pattus, F. & Verger, R. Product activation of pancreatic lipase. Lipolytic enzymes as probes
for lipid/water interfaces. J. Biol. Chem. 257, 11523-11528 (1982).

Pieterson, W. A, Vidal, J. C., Volwerk, J. ]. & de Haas, G. H. Zymogen-catalyzed hydrolysis of monomeric substrates and the pres-
ence of a recognition site for lipid-water interfaces in phospholipase A2. Biochemistry 13, 1455-1460 (1974).

Tatulian, S. A. Interfacial enzymes: membrane binding, orientation, membrane insertion, and activity. Methods Enzymol. 583,
197-230. https://doi.org/10.1016/bs.mie.2016.09.009 (2017).

Mouchlis, V. D. & Dennis, E. A. Phospholipase A, catalysis and lipid mediator lipidomics. Biochim. Biophys. Acta. Mol. Cell Biol.
Lipids. 1864(6), 766-771. https://doi.org/10.1016/j.bbalip.2018.08.010 (2019).

Carman, G. M., Deems, R. A. & Dennis, E. A. Lipid signaling enzymes and surface dilution kinetics. J. Biol. Chem. 270, 18711-
18714 (1995).

Zhuo, S. & Yuan, C. Association with lipid or detergents is essential for preservation of the active structure of lipoprotein-associated
phospholipase A2. Chem. Phys. Lipid 225, 104814-104822 (2019).

Zhuo, S. & Yuan, C. Characterization of PLAC tests in the quantization of lipoprotein associated phospholipase A2 for assessment
of cardiovascular diseases. Clin. Chim. Acta 487, 222-227 (2018).

Mora, S. et al. Lipoprotein particle profiles by nuclear magnetic resonance compared with standard lipids and apolipoproteins
in predicting incident cardiovascular disease in women. Circulation 119, 931-939. https://doi.org/10.1161/CIRCULATIO
NAHA.108.816181 (2009).

Fluorescence Anisotropy. In Principles of Fluorescence Spectroscopy. Lakowicz J. R. (eds) Springer, Boston (2006)

Acknowledgements
The authors are gratitude to Dr. Thomas D. Schaal for critical reading, editing and discussion of the manuscript.

Author contributions
S.Z. designed the concept, performed all experiments and wrote the manuscript. C.Y. provided management,
resources and discussion. C.Y. also edited the manuscript. Both authors reviewed the final manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2020) 10:17232 | https://doi.org/10.1038/s41598-020-74236-0 nature research


https://doi.org/10.1111/imr.12218
https://doi.org/10.1111/imr.12218
https://doi.org/10.1160/TH13-02-0178
https://doi.org/10.1161/TROKEAHA.107.513259
https://doi.org/10.1161/TROKEAHA.107.513259
https://doi.org/10.1194/jlr.R024190
https://doi.org/10.1001/jama.2014.11061
https://doi.org/10.1056/NEJMoa1315878
https://doi.org/10.1016/j.jacc.2007.11.079
https://doi.org/10.1046/j.1365-2125.1999.00991.x
https://doi.org/10.1016/j.ab.2005.01.006
https://doi.org/10.1016/j.ab.2005.01.006
https://doi.org/10.1016/bs.mie.2016.09.009
https://doi.org/10.1016/j.bbalip.2018.08.010
https://doi.org/10.1161/CIRCULATIONAHA.108.816181
https://doi.org/10.1161/CIRCULATIONAHA.108.816181

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to S.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:17232 | https://doi.org/10.1038/s41598-020-74236-0 natureresearch


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Active site competition is the mechanism for the inhibition of lipoprotein-associated phospholipase A2 by detergent micelles or lipoproteins and for the efficacy reduction of darapladib
	Results
	Effects of detergent micelles, latex beads and lipoproteins on the activation and inhibition of recombinant Lp-PLA2. 
	Effects of detergent micelles on the activation and inhibition of lipoprotein-bound Lp-PLA2. 
	Kinetic difference for the hydrolysis of 14:0 NPS-PC by Lp-PLA2 in the presence and absence of detergents. 
	Inhibition of lipoprotein-bound Lp-PLA2 by lipoprotein particles. 
	Inhibition of Lp-PLA2 bound on lipoprotein particles by darapladib. 
	Effects of detergent on the integrity of lipoproteins. 
	Transfer of Lp-PLA2 between LDL and HDL. 
	Distribution of darapladib and 14:0 NPS-PC in bulk phase, detergent micelle, lipoprotein and human serum. 

	Discussion
	Experimental procedure
	Materials. 
	Non-denatured gel electrophoresis, Western blotting and protein concentration determination. 
	Lp-PLA2 activity and mass assays. 
	Other assays. 
	Preparation of Lp-PLA2-depleted LDL and HDL lipoproteins. 
	FPLC and HPLC fractionation. 
	Polarized fluorescence anisotropy. 
	Reagent preparation. 

	References
	Acknowledgements


